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ABSTRACT
PATTERNS OF ABOVEGROUND BIOMASS ACCUMULATION 
IN A NORTHERN TEMPERATE HARDWOOD FOREST
By
John B. Richardson 
University of New Hampshire, December 2007
In order to better understand the role that forest ecosystems play in the 
global carbon budget, it is necessary to understand the dynamics of biomass 
accumulation and change arising from anthropogenic and natural disturbances. 
Presented here are the results of study across a broad spatial (1050ha) and 
temporal (>70 years) scale for the Bartlett Experimental Forest, a northern 
temperate hardwood forest, located in the White Mountain National Forest, New 
Hampshire, USA.
Permanent plot forest inventory data converted to biomass were analyzed 
using a mixed linear model to determine the influence of local environmental 
variables on aboveground biomass accumulation through time for managed and 
unmanaged stands. Stand age was the primary determinate of standing 
biomass, followed by stand-origin (all-age, even-age), habitat, and forest cover 
type. Managed and unmanaged stands achieved similar levels of standing 
biomass over time (>210 Mt/ha), and biomass continues to increase and is 
higher than regionally reported.
- ix -
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biomass over time (>210 Mt/ha), and biomass continues to increase and is 
higher than regionally reported.
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INTRODUCTION
Forest ecosystems, particularly northern temperate forests, play a critical role in 
the Earth’s carbon budget (Myneni et al, 2001 Caspersen et al. 2000, Potter et al. 
2003). Temperate forests average from two to 20 times higher productivity than 
desert, grassland, or shrub-land vegetation, and store up to several orders of 
magnitude more carbon above ground than do these other vegetation types 
(Curtis et al. 2002). Yet, current detailed understanding of forest ecosystem level 
production is often limited to small areas and short (decadal or less) time spans 
(e.g. Barford et al. 2001, Curtis et al. 2002, Scurlock and Olsen 1999).
Detailed and accurate estimates of forest productivity are critically needed 
to constrain and evaluate models of carbon uptake (Hibbard and Sahagian 
1998), as well as to evaluate new regional- to continental-scale remote sensing 
based estimates of forest productivity, such as those produced using the EOS 
Terra sensor (Justice et al. 2000). At local to regional scales, understanding of 
the range of natural variability in forest productivity over time is needed to inform 
such concepts as sustainable land management and preservation of long-term 
forest productivity (NFMA 1976, Cardoch et al. 2002).
To understand the role of forests in the global carbon cycle, it is necessary 
to understand the dynamics of biomass accumulation and the patterns of change 
through time resulting from both natural dynamics and human management
- 1 -
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(Cooper 1983, Dixon et al 1994, Lee et al 2002, Woodbury et al, 2006). How 
forests recover from human management and historical land use will affect the 
rate, duration, and amount of C sequestered from the atmosphere (Casperson et 
al 2000, Woodbury et al 2006).
Atmospheric C is sequestered and stored largely in the woody tissue 
(biomass) of a tree’s stem. While roughly 48% of total ecosystem C is stored in 
mineral soil (Fahey et al 2005, Woodbury, et al 2006), the patterns of above 
ground biomass accumulation (tree stem growth) represent the largest proportion 
of above ground C storage in temperate forests. The dynamics of growth in 
space and time will have an affect on the amount of carbon that is being stored in 
woody tissue.
Rates of forest productivity and aboveground biomass accumulation are 
dependent on local and regional factors such as soil and forest stand 
characteristics (Leak 1977, Leak 1979, Bormann and Likens 1979, Martin and 
Gower 2006), elevation (Leak 1974, Ollinger et al., 1995, Ollinger and Smith 
2005), slope and aspect (Verbyla and Fisher 1989, Fekedulegn et al., 2002), 
solar radiation (Whittaker et al., 1974, Landsberg and Waring 1997, Desta 2004), 
atmospheric deposition (Magill et al., 1997) and land use history (Whittaker et al., 
1974, Foster 1992, Casperson et al., 2000, Goodale and Aber 2001).
Detailed understanding of aboveground biomass patterns over extensive 
time-periods (decades or longer) is limited to relatively few direct studies (Spetich 
and Parker 1998). Repeated measures of permanent forest inventory plots offer
- 2 -
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the best understanding of biomass accumulation (Caspersen et al. 2001), yet 
many studies use a few measurements in time, offering little direct evidence into 
the patterns of accumulation that occur over longer periods.
Recent studies have focused on forest volume inventory data converted to 
aboveground biomass (Turner et al 1995, Brown et al 1997, Brown and 
Schroeder 1999, Brown et al 1999, Jenkins et al 2001, Tuyl et al 2005, Sohngen 
and Brown 2006). These conversions allow for broad computations of forest 
carbon stocks, yet, may underestimate the effect of patterns of local land use and 
disturbance histories affecting regional estimates.
Existing long-term data from experimental forests present an opportunity 
to examine history concerning the patterns of change through time resulting from 
both natural dynamics and human management. Northern temperate 
experimental forests include the Hubbard Brook Experimental Forest (HBEF), 
with permanent plot biomass data dating back to 1965 (Fahey et al 2005); 
Harvard Forest with permanent plots re-established in 1937 (these lack biomass 
quantification) (Foster 1992), and the Bartlett Experimental Forest with 
permanent forest inventory plots dating back to 1931 (Jensen 1941).
Studies using data from forests with a unique and detailed history of 
human management are key to understanding forest biomass response to 
disturbance and the role of forests as carbon sinks or sources in carbon budgets 
(Schulze et al 2000, Leighty et al 2006). The age sequence and structural 
development through time plays an important role in forest productivity (Kashian
- 3 -
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et al 2005), and helps to answer questions of whether young or old forest are 
better for carbon management (Harmon 2001).
This study aims to capitalize on one such set of data from the Bartlett 
Experimental Forest. These data are being used to address such questions as:
(1) How do rates of biomass accumulation change with time in northern 
hardwood forests? (2) How do observed rates of change in biomass 
accumulation compare to theories of ecosystem biomass development (e.g. 
Bormann and Likens 1979)? (3) How do managed and unmanaged stand 
biomass compare over time? Hypotheses of this study are: (1) Unmanaged 
stands have a greater standing biomass than managed stands; (2) All-age 
stands have greater standing biomass than even-age stands; (3) Even-age 
stands have a significant change in biomass over time than all-age stands 
between 1931 and 2003.
- 4 -




Field data were collected at the 1052 ha Bartlett Experimental Forest 
(BEF), Bartlett, New Hampshire, USA (43° 03’ N, 71° 17’ W) (Fig. 1a). The BEF 
is located within the White Mountain National Forest (Fig. 1b), just south of the 
village of Bartlett, in north central New Hampshire. Elevations range from 207 m 
at the base of the BEF to 912 m near the top of Upper Haystack Mountain, the 
BEF’s highest point (Filip and Little, 1971). Monthly temperatures average 
between -9° to -7° C in the winter and 21° C in the summer with extremes ranging 
from -34° C to more than 32° C. (Filip and Little, 1971). The BEF receives an 
average of 127 cm of precipitation per year, one third of which is in the form of 
snow.
The BEF is representative of the northern hardwood ecosystem typically 
found throughout New England and upper New York State (Gamal-Eldin, 1998).
It is comprised of 65 tree and shrub species, with the dominant forest type being 
maple-beech-birch (Acer saccharum - Fagus grandifolia - Betula alleghaniensis). 
Upper elevations are comprised of thick stands of red spruce and balsam fir 
(,Picea rubens - Abies balsamea). Mixed softwoods— hemlock (Tsuga 
canadensis), balsam fir, red spruce-- mix with hardwoods on the shaded, poorly
- 5 -
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drained slopes at lower elevations. Red oak (Quercus rubra), and Eastern 
white pine (Pinus Strobus) are found mostly at lower elevations, but have 
individual stems scattered throughout the forest (Filip and Little, 1971).
Soils at the BEF are spodosols, developed from glacial till on granite and 
gneiss (Gamal-Eldin, 1998). They range from well drained at higher elevations 
on steeper slopes, to moderately and poorly drained at lower elevations (Fillip 
and Little 1971).
The BEF was established in 1931 for the purposes of applied silvicultural 
research. At time of establishment, a network of nearly 500 permanent, fixed 
area inventory plots (0.25 acre or approximately 0.1 hectare) were also 
established (Filip and Little, 1971, Gamal-Eldin, 1998). Plots are square (31.3 
meters x 31.3 meters (103.4 feet)) and comprise a regular grid, with individual 
plots on a 5 chain (330 feet or approximately 100 meters) by 10 chain (660 feet 
or approximately 200 meters) spacing, covering the full extent of the forest 
(Figure 2A).
Forest Inventory Data Collection
Plot Re-location
Full forest inventories, measuring > 400 plots, of the BEF permanent grid 
were conducted in 1931-32, 1939-1940, 1991-92, and 2001-2003. Partial 
inventories were conducted prior to or after forest management in 1946, 1950- 
1958, and 1960.
- 6 -
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For all re-measurements inventory plots were relocated using the 
original 1931 field methods employing staff compass for determination of bearing 
(true north, set at 16°West declination); pacing (by chains: 1 chain=66.0ft), to 
locate permanent plot markers, plot boundaries, and cruise lines; and taping, with 
a 150 meter tape for determination of linear distances between and within plots.
Each square plot is monumented by a primary corner stake whose 
location, along a ‘cruise’ line (Figure. 2B), is used as a reference to re-establish 
the other three corners of each plot. Cruise lines, using compass and distance 
measurements, were followed to locate the primary stake, running north to south 
on the eastern side of the forest and east to west on the western portion. The 
corners of each plot were surveyed from a primary stake and marked with a 1 - 
meter tall white painted wooden stake.
To further delineate the plot boundaries during the inventory, string was 
tied from each stake, along all sides of the plot, to form the perimeter- 
distinguishing trees that were in, out, or “on the line”. An additional aid useful in 
re-locating and re-establishing plot boundaries were blazes or scribes made, 
after previous inventories, with a hatchet at breast height on border trees facing 
the plot boundary. However, most hatchet blazes were made in the late 1930’s 
and were sometimes ambiguous and difficult to interpret. Occasionally plot 
primary stakes and plot boundaries were found to be in error. In these cases, the 
plots were re-established based on careful bearing and distance measurements 
from the previous plot along the cruise line. All inventory plot boundaries were
- 7 -
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marked by new bark scribes during the 2001-2003 inventory to facilitate plot re­
location in future inventories.
Figure 1 A.) The Location of the Bartlett Experimental Forest, Northeastern U.S., and B.) 


























Courtesy of M.L. Smith, and L. Plourde
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Diameter Measurements
All stems > 2 inches (5cm) at DBH were tallied in each inventory—stems 
originating within the plot and having greater than half their base inside the plot 
were tallied. Stems by species were tallied in 1-inch size classes with the mid­
point of the class defining the class. For example, the 5-inch size class contains 
trees measured between 4.6 and 5.5 inches.
Individual stems are not followed using this inventory method. In order to 
reduce error in re-measurement, an initial reconciliation of inventory data was 
carried out in the field. Data from the 2000-2003 inventory were field reconciled 
with 1991-1992 data to assure all stems > 5 inches DBH had been accounted for. 
Stems < 5 inches were not accounted for in this manner. The following rules 
were applied in the field to reconcile the inventories:
(1) For most species, individual stems could not grow through a greater than 2 
inch size classes (e.g. A 5-inch tree could grow through to a 7-inch tree but not 
an 8-inch tree). White Pine was a notable exception; it was allowed to grow no 
greater than 3 size classes, due to thickness of bark, and high growth rate for 
large diameter specimens of this species (Guyette and Dey 1995, Burns et al 
1990).
(2) Stems > 5inches present in 1991-1992 could not simply disappear from the 
2001-2003 tally—they must be accounted for through mortality or error in the 
previous inventory.
- 9 -
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(3) Stems > 5 inches could not simply appear in 2001-2003 but must be verified 
to occur in the plot and accounted for as an error in the previous inventory (ML 
Smith, pers, comm.).
Figure 2A. Bartlett Experimental Forest with topography and B) inventory grid.
-  1 0 -
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Inventory Data QA/QC
Forest inventory data (plot level summaries of species by diameter from 
1931-32, 1939-1940, 1946, 1950-1958, 1960, 1991-1992, and 2001-2003) were 
provided by the USDA Forest Service Northern Research station.
Inventory data from 2001-2003 were compared with data from the 
previous inventory period, both in the field and post-collection, to verify the 
growth of individuals relative to their diameter as recorded in the 1991-1992 
inventory, into larger size classes in the most recent inventory (2001-2003). This 
data verification was carried out using an in-house Perl (Wall. 1990) program 
developed specific to this application and dataset (M. Martin pers comm.,UNH). 
The output (Table 1) from this routine was a pass/fail score for each stem size 
class based on the inventory reconciliation rules described above.
Table 1. Example of TreeTap output.________________
Testing Ingrowth Accounting | j  _
28: tally=1 trees=0 +0 +0 1 tree(s) not reconciled—  FAILED
27: tally=0 trees=0 checked same sizeciass P A S S ____
26: tally=0 trees=0 checked same sizeciass PASS __
25: tally=0 trees=0 checked same sizeciass PASS
24: tally=6 trees=0 checked same sizeciass PASS
23 tally=0 trees=0 checked same sizeciass P A S S ___
22: tally=1 trees=0 +0 +0 1 tree(s) not reconciled -- FAILED
21:ta lly=0  trees=0 checked same sizeciass PASS
20: tally=0 t r e e s = 0  checked same sizeciass PASS
19: tally=i trees=0 +0 +0 1 tree(s) not reconciled -- FAILED^
18: tally=6 trees=0 checked same sizeciass PASS
17: taliy=0 trees=0 chocked same sizeciass PASS
16: tally=3 trees=0 +1 +4 checked s izeciass^ P A S S _____
15: tally=0 trees=0_______ checked same sizeciass p a s s
14: tally=0 trees=2 checked same sizeciass PASS
13: tally=1 trees=1 checked same sizeciass PASS
12: tally=0 trees=2 _  checked same sizeciass PASS
11:tally=1 trees=0 +5 checked sizeciass-1 PASS
10: tally=6 trees=4 +3 checked sizeciass-1 PASS __
9: tally=4 trees=1 +2 +3 checked sizeclass-2 PASS
8: tally=1 trees=0 +2 checked sizeclass-1 PASS_______
7: tally=4 trees=1 +3 checked sizeclass-1 PASS
6: tally=8_ trees=0 +0 +5 3 tree(s) not reconciled -  FAILED
5: tally=10 trees=0 +0 +11 checked sizeclass-2 PASS
- 1 1  -
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Stem counts for individual inventory plots which failed the tests, were 
investigated further (2001 -3 field data sheets and prior inventory data). Missing 
stems were most often found to be species identification or DBH measurement 
error from 1991-2. If a stem was missing or DBH ‘shrank’, a biomass value of 
neutral (growth from 1991-2002 is set to 0) was assigned in the reconciliation 
process, resulting in no net loss of biomass for each plot. For example, species 
identified incorrectly in 1991-2 inventory, were corrected, in the 1991-2 data. 
Trees > 5 inches DBH not tallied in 1991-2 but present in 2001-3 inventory were 
added to 1991-2 data as same DBH as measured in 2001-3.
Biomass was calculated using regionally appropriate and species 
specific coefficients (Table 2). Bole and branch values were calculated 
separately and then combined as a single variable, ‘wood’ (Metric Tons per 
hectare) for statistical analysis.
- 1 2 -
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Table 2. Biomass Coefficients and Sources. Coefficients are to be used with DBH in 






Aspen 1 2.13 4.59
Hocker & Early 1983 2 2.72 2.26
Basswood 1 2.29 4.29
Hocker & Early 1983 2 1.84 3.66
Beech 1 2.47 4.54
Hocker & Early 1983 2 2.41 3.74
Black Birch 1 2.49 4.55
Hocker & Early 1983 2 3.42 1.27
Eastern Hemlock 1 2.14 4.71
Hocker & Early 1983 2 1.9 4.44
Eastern White Pine 1 2.42 4
Hocker & Early 1983 2 1.97 3.46
Gray Birch 1 2.36 4.56
Hocker & Early 1983 2 2.38 2.83
Hop Hornbeam 1 2.33 4.89
Hocker & Early 1983 2 2.5 2.35
Mountain Maple 1 2.94 4.34
Hocker & Early 1983 2 3.24 2.91
Paper Birch 1 2.17 5.32
Hocker & Early 1983 2 2.3 3.07
Pin Cherry 1 2.4 4.36
Hocker & Early 1983 2 2.43 2.52
Red Maple 1 2.33 4.86
Hocker & Early 1983 2 2.41 2.9
- 13-
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Table 2 continued.
Red Oak 1 2.36 4.91
Hocker & Early 1983 2 2.63 2.5
Striped Maple 1 2.32 4.43
Hocker & Early 1983 2 2.57 3.08
Witch Hazel 1 2.23 4.85
Hocker & Early 1983 2 2.53 3.02
White Ash 1 2.56 4.51
Hocker & Early 1983 2 2.54 2.51
Yellow Birch 1 2.56 4.3
Hocker & Early 1983 2 2.35 3.37
Red Spruce 1 1.9906 2.2046
(Whittaker, 1974) 0.90115 2.5428
use DBH in inches,(Iog10)
Balsam Fir 1 1.9906 2.2046
(Whittaker, 1974) 2 0.90115 2.5428
use DBH in inches,(Iog10)
Red Pine 1 2.42 4
Hocker & Early 1983 2 1.97 3.46
Black Cherry 1 2.8155 2.6416
Ribe 1973 (General Hardwoods(GH)) 2 2.4362 1.6711
use DBH in inches,(log 10)
Service Berry 1 2.8155 2.6416
Ribe 1973 (GH) 2 2.4362 1.6711
use DBH in inches,(log 10)
Mountain Ash 1 2.8155 2.6416
Ribe 1973 (GH) 2 2.4362 1.6711
use DBH in inches,(Iog10)
Mountain Holly 1 2.8155 2.6416
Ribe 1973 (GH) 2 2.4362 1.6711
use DBH in inches,(Iog10)
- 14-
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Plot Level Variables
Soil Data
Soil series data (Table 3) were collected by the Natural Resource 
Conservation Service (NRCS, Durham, N.H.), digitized and provided by 
Complex Systems Research Center (CSRC, Morse Hall, UNH)
Using ArcGIS 9.0, the soil series data_were overlain with the existing BEF 
inventory grid coverage. Soil series for each inventory plot were extracted and 
used in regression analysis (described below) to examine the effect of soil type 
on biomass accumulation.
- 1 5 -











Table 3. Bartlett Soil Types, with number of plots and data measurements
Soil Series N Rows N(PLOT)
MARLOW-PERU VERY STONY FINE SANDY LOAMS ASSOCIATION, SLOPING 722 164
MARLOW VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 423 90
LYMAN-ROCK OUTCROP-BERKSHIRE ASSOCIATION, VERY STEEP 123 32
BERKSHIRE VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 124 27
PERU VERY STONY FINE SANDY LOAM ASSOCIATION, SLOPING 93 21
LYMAN-BERKSHIRE VERY ROCKY FINE SANDY LOAMS ASSOCIATION, VERY STEEP 70 17
MARLOW VERY STONY FINE SANDY LOAM ASSOCIATION, VERY STEEP 79 16
BECKET VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 75 15
BERKSHIRE VERY STONY FINE SANDY LOAM ASSOCIATION, VERY STEEP 68 15
BERKSHIRE VERY STONY FINE SANDY LOAM ASSOCIATION, SLOPING 48 10
HERMON VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 24 5
CHOCORUA MUCKY PEAT 15 3
ROCK OUTCROP-LYMAN ASSOCIATION, VERY STEEP 4 1
Stand Age
BEF inventory plots were estimated as even-age or all-age at plot 
establishment in 1931. Even-age stands were given an age range in years of IQ- 
20, 30-40, 60-80, etc. based upon the evaluation of original survey crews (Field 
documents, from USFS Northern Research Station, Durham, NH). For the 
purposes of statistical analysis in this study, the median age for the range for 
each plot was used. For example, plots 10-20 years of age were assigned an 
age of 15 years, plots 30-40 years as 35 years, etc. Continuing with this 
approach, plots assigned an age in 1931, were also assigned an age for the 
intervening years. For example, a plot of 15 years age in 1931 with no recorded 
management in the intervening years is assigned an age of 85 in 2001.
All-age stands are inventory plots that in 1931 were found to be comprised 
of many different ages and diameter classes. In general, ‘all-age’ stands for the 
BEF tended to be older than even-age stands. Using current understanding of 
diameter-age relationships for forest trees of this region, all-age stands were 
‘aged’ to allow for testing of goodness of fit against biomass when compared to 
forest cover, soil type, and other site attributes. All stems > 13 inches DBH for 
beech (BE), red maple (RM), and sugar maple (SM) were selected from all-age 
inventory plots. Each species size class was assigned an age or age-range 
based on a species specific age-diameter relationships as reported by Blum 
(1960). If a species size class had a range of ages, the mean of that range, was
- 1 7 -
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used as the age for that species-specific-size-class. All species were then 
averaged to determine the mean age for each plot.
To account for plot ages with dominant species other than RM, BE, and 
SM, regression coefficients for yellow birch (YB) and red spruce (RS) were used 
from Leak (1985). Eastern Hemlock (EH) has limited age data--Blum (1960) 
recorded only one size class (17”) with an age range of 100 years. In 
substitution of eastern hemlock coefficients, regression coefficients for red 
spruce were used from Leak (1985) (W. Leak, Pers comm.).
All-age plots only, with stems less than 13 inches or dominant species 
other then BE, RM, SM,YB, RS, or EH, (such as white ash (Fraxinus 
americana), or red oak (Quercus rubra)) were not aged and are excluded (199 
plots, equaling 913 measurements) from age-related analyses.
Finally, an age distribution was analyzed to determine the range of ages 
represented by the all-age stands. Ages at or with-in one quartile of the median 
were included for statistical analyses. Values outside one quartile were 
considered extreme values. In total 79 all-age plots were used in the analysis.
Management Analysis
Inventory plots were determined to be managed or unmanaged based on 
Field documents, from USFS Northern Research Station, Durham, NH. Plots 
receiving no management between 1931 and 2003 were labeled as unmanaged 
Much of the BEF received some form of cutting or land use prior to 
establishment (Jensen 1941). The land use history is likely to have some
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confounding effect on analysis between managed and unmanaged stands 
standing biomass comparison, as very few plots were untouched in the past 200 
years. However, Blum (1960) found that recently cut hemlock stumps at mid­
elevation were near 300 years old.
Managed stands tend to be comprised of even-age forest while unmanaged 
are comprised of all-age. Figure (3) shows the distribution of managed and 
unmanaged stands across the BEF.
:igure 3. Distribution of managed and unmanaged plots for the Bartlett Experimental Forest.
+ Managed Plots 1931-2003 
•  Unmanaged Plots 1931-2003
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Forest Cover Type.
Forest cover type for each plot was assigned by the original 1931 
inventory crew, based on visual estimation of stand composition.
Eleven cover types comprised the original 1931 inventory. For the 
purpose of statistical analysis, three cover types (spruce-fir (1 plot), mixed- 
softwood (1 plot), and mixed-hardwood-softwood (2 plots)) were combined with 
closely related species-types. Table 4, lists the eight cover types used as a 
grouping variable in multiple regression analysis.
Table 4. Forest Cover Types by number of stem measurements, inventory plots per, 
and % of total.
Forest Cover Type N Plot count % of 
Total
Northern Hardwoods 1462 348 80.1
Red Spruce-Hemlock-Hardwoods 124 45 7.1
Paper birch-Aspen-Red Maple 145 49 6.5
Red spruce-slope 55 20 2.6
Paper birch-Red maple-Softwoods 52 20 2.5
Red spruce-flat 10 45 0.5
White pine 12 5 0.4
Red maple-swamp 8 3 0.3
Habitat Type.
Leak (1982) used a biophysical approach to classify habitats for the 
entire Bartlett Experimental Forest. This approach integrates observed 
relationships of forest cover types with abiotic factors -  soil physical and 
chemical properties and soil types—correlating the shared attributes and 
mapping their common boundaries on the ground.
Habitat data for the BEF as described by Leak (1982) was generated from 
a GIS layer overlaying the BEF inventory grid (Figure 5). A number of plots (14) 
along the western and southwestern boundary did not correspond with the
- 21  -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
habitat map and were excluded from the habitat analysis (see table 5). Habitat 
type attributes for each inventory plot were generated for use as a grouping 
variable in statistical analysis.





Summary of description from Leak (1982)
Coarse 
washed till
74 Sloping or rolling topography at mid or low elevations, just 
above or below a major slope break with hardwood stands 
and some softwood mixtures.
Wet compact 
till
74 Uniform gently sloping topography at lower elevations, with 




68 Upper elevations with spruce, and fir abundant in both 
young and old stands
Fine till 51 Moderately steep and irregular topography with hardwood 
stands on mid to upper elevations.
Shallow loose 
rock
30 Usually found along stream banks and old drainage sites. 
Old stands are comprised of softwoods and mixed wood in 
younger stands.
Silty fine till 23 Gently sloping, or rolling, well drained topography at lower 
elevations near steep and deeply entrenched streams. Old 




20 Commonly adjacent, to slightly above wet compact till on 
gently sloping to convex uniform topography.
Fine washed 
till
16 Sloping or rolling topography at mid or low elevations, just 
above or below major slope break. Hardwood stands have 
some softwood mixture.
Silty sediment 16 Gently sloping or rolling, well drained topography at lower 
elevations near steep and deeply entrenched streams Old 




13 Found on gently sloping or rolling, well drained topography 
at lower elevations, Old stands comprised of softwood, and 
mixed wood in young stands; steep and deeply entrenched 
streams.
Outwash 9 Located on high-hummocky banks, along existing streams, 
or mounded topography in valleys. Softwoods are 
combined with white pine in both young and old stands.
Enriched 5 Commonly found at slope break between lower and upper 




3 Flat low topography, sparse stocking, and softwoods in 
both young and old stands.
Excluded
plots
14 Habitat type not determined
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:igure 5 Distribution of Habitat Types for the Bartlett Experimental Forest.
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Topographic data.
Elevation, aspect and slope data were generated from a digital elevation 
model (DEM), obtained from the Forest Ecosystem Research Group (CSRC, 
Morse Hall, UNH).
Using ArcGIS 9.0, the DEM raster data were overlain with the existing 
BEF inventory grid coverage. Using ArcMap spatial analyst individual plot 
locations (latitude and longitude), aspect, slope, and elevation were calculated 
for each inventory plot.
Climate Variables
Plot level climate data were produced using Climcalc (Ollinger, et. al. 
1995). Climcalc is a statistical model of climate and atmospheric deposition for
- 2 3 -
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New York and New England. Climcalc predictions are based on linear 
regression of regional soil and climate data against elevation and geographic 
position (latitude, and longitude) generating predictions of maximum and 
minimum daily temperature, solar radiation, atmospheric deposition (Nitrogen 
(NO3), and Sulfur Dioxide (S02)), and precipitation for each plot.
Statistical Analysis
Analyses were performed to examine correlations between biomass 
accumulation and local environmental variables.
Preliminary data screening was performed in the form of bivariate scatter 
plots, normal distribution curves, correlation matrices and one-way analysis of 
variance tables. Variables having a regression line with a significant departure 
from zero were deemed as having an effect on biomass accumulation. Statistical 
outliers were examined by graphing predicted versus residual values. Outliers 
were retained for analysis, after being examined for data or user error.
Strong collinearity—very similar goodness of fit (r2) and intercept—were 
found between elevation and climate driven variables—solar radiation, 
precipitation, and atmospheric deposition. Due to the collinearity, it was 
determined that elevation, (which is used by Climcalc, in part, to generate climate 
driven variables) would be included in statistical analyses, and not climate driven 
variables.
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Analysis of Variance
A two-way between subjects ANOVA was performed to test for 
significant differences in standing biomass among land use (managed and 
unmanaged stands) and age (all-age and even-age stand origins).
Stepwise Linear Regression
A stepwise linear mixed model was performed using JMP 6.0, to test for 
significant relationships between local environmental factors and biomass 
accumulation through time. Whole effect relationships were tested on all-age 
and even-age stands, and between managed and unmanaged stands.
Both forward and backward selection models were performed. Best fit 
models were determined by a combination of goodness of fit (high lva lue), and 
Akaike's Information Criterion (AIC- smallest value).
To account for the probability that the results from a given plot are not 
independently selected from the population—some plots being consistently 
higher in biomass and some consistently lower than plots of the same age — 
inventory plot was entered as a random effect. Fixed effects were environmental 
variables; elevation, inventory plot aspect (north, south, east, and west), forest 
cover type, dominant habitat type, and soil type. Management status (managed 
and unmanaged) and stand age classification (all-age and even-age) were 
entered as grouping variables.
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Biomass (MT/ha) was entered as the dependent variable, and age as
independent variable. Environmental factors are additive in the linear equation 
(table 6).
Biomass was log transformed, due to the non-normality of biomass 
distribution. This method of variable transformation was used by Schumacher 
(1939) and MacKinney et al. (1937) for constructing growth and yield tables for 
non-normal stands.
Table 6. Multiple linear regression equations used in analysis by Management 
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CHAPTER II
RESULTS
The BEF has averaged 188 metric tons (MT) of live standing aboveground 
biomass (AGLB) per hectare (ha) (Table 7) from 1931 to 2003, with a total net 
accumulation since the initial inventory of 30,000 MT. Current mean standing 
biomass is 235 MT/ha with a median of 239, and a range of 19 to 422(MT/ha).
From 1931-2003, managed stands averaged 196 MT/ha with a minimum 
of 21 MT/ha and a maximum of 379 MT/ha, while unmanaged stands had a 
mean of 178 MT/ha, and a range of 11 to 422 MT/ha. Due to forest practices on 
managed stands, unmanaged plots showed the largest gain in live biomass 
accumulation from 1931-2003 (figure 6).
All-age stand biomass ranged from 11 to 380 MT/ha, with a mean of 202 
MT/ha, and even-age stands averaged 159 MT/ha of biomass with a range of 22 
to 422 MT/ha. All-age stands started with a much higher AGLB at the initial 
inventory in 1931-32 (Figure 6) yet averaged a net gain of 40 MT/ha more 
through time than even-age stands.
Unmanaged all-age stands averaged 20 MT/ha more through time 
(Figure 7) compared to even-age stands, and were on average 20 years older 
than even-age stands. The majority of unmanaged stands are comprised of all­
age forest. All-age plots are found more typically at mid-to-upper elevations
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(Figure 20) and on certain habitat types. Their occurrence may reflect 
management choices.
Figure 6. Mean Standing Biomass of Management and Stand-Origin by Inventory 
Period. Mean values of standing biomass for each inventory period and difference in 
total biomass for sequential inventories.. 

































-Total change in standing biomass from the previous inventory period
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Table 7. Summary Statistics of Live Standing Biomass for the Bartlett Experimental Forest. Values represent 
above ground live biomass (MT/ha) from 1931-2003; n = number of measurements through time for managed and
Management status Stand Origin Biomass (MT/ha) from 1931-2003
n Mean
Std
Dev Min Max Median Std Err
All Plots 1868 188.79 64.09 10.55 422.78 190.14 1.48
All-age 1264 202.84 57.56 10.55 379.1 200.08 1.62
Even-age 604 159.39 67.07 22.01 422.78 155.61 2.73
Managed 1118 196.11 56.71 21.33 379.1 194.74 1.7
All-age 838 201.87 53.69 21.33 370.62 200.57 1.85
Even-age 280 178.89 61.9 47.49 379.1 171.09 3.7
Unmanaged 750 177.88 72.4 10.55 422.78 179.29 2.64
All-age 426 189.12 73.2 10.55 422.78 188.47 3.55
Even-age 324 163.09 68.71 24.37 331.14 164.96 3.82
Figure 7. Mean Age and Standing Biomass Grouped by Management and Stand-Origin 
during 1931-2003.
Mean Age and Biomass by Stand-Origin and Management
—  M ean Biomass (MT/ha) — Mean Age (Years)
The pattern of management history at the BEF contributes to some of the 
variation observed. For example, the majority of managed stands occur at low to 
mid elevation, and unmanaged stands at mid- to- upper elevations (Figure 4). 
,This is also true of stand-origin, with even-age stands more prevalent at low to 
mid elevations (600-1100 feet) and all-age stands found primarily at mid to upper 
elevations (1000-1650 and 1900-2500 feet). Nonetheless, when unmanaged 
stands are analyzed separately, the all-age plots continue to show an elevational 
trend, yet to a lesser extent, while even-age stands show a negative trend with 
elevation.
Given the partitioned distribution of stand ages and management at the 
BEF there are inevitable relationships between otherwise independent factors
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such as elevation and stand age. Furthermore, complex relationships exist 
among forest growth and environmental variables; partitioning the effect of a 
single factor is not without some degree of confounding with other independent 
predicting variables. For example, it is expected that individual habitat types will 
interact in part with elevation due to the geophysical properties that define them.
Managed versus Unmanaqed Stands
A two-way between subjects ANOVA was performed to test the 
hypothesis that unmanaged stands have a greater standing biomass than 
managed stands, and that all-age stands have greater biomass than even-age 
stands.
Overall, there was found to be a significant difference between managed 
and unmanaged stands (p =<.001, Table 8). Comparing stands by origin, all-age 
stands had a significantly greater mean standing biomass than even-age stands 
(p=<.001).
To test the hypothesis that even-age stands had a significantly higher 
live biomass accumulation per year than all-age stands between 1931 and 2003, 
a two-way between subjects ANOVA was performed. Over the 70+ years, all­
age stands biomass accumulation (MT/ha/yr) was found to be significantly lower 
from even-age forest (Table 9). Even-age stands averaged 0.5 MT/ha more per 
year than did all-age stands since 1931. Mean annual biomass accumulation, of 
unmanaged stands increased substantially between the inventory periods of
-31 -
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1931-1940 and 1991-2003. This marked increase appears to be driven by the 
growth of unmanaged all-age stands between 1931 and 2003.
Table 8. ANOVA test of significant difference between managed and unmanaged 
Stands during 1931-2003.__________________________________________________
Source Type III Sum of Sguares df Mean Sguare F Sig.
Model 817774.509(a) 3.00 272591.50 74.07 <0.001
Intercept 50717383.26 1.00 50717383.26 13780.37 <0.001
Management Status:
Managed vs. Unmanaged 45843.37 1.00 45843.37 12.46 <0.001
Stand Origin:
All-age vs. Even-age 663245.12 1.00 663245.12 180.21 <0.001
Management Status * Age 
Status 12818.81 1.00 12818.81 3.48 0.062
Error 6841878.20 1859.00 3680.41
Total 74016369.33 1863.00
Corrected Total 7659652.71 1862.00
(a) r2 = .107 (Adjusted R Squared = .105)
Table 9. ANOVA test of significant difference between biomass increment of





Square F Ratio Prob > F
Age-status 1 19.5746 19.5746 35.4921 <0.0001
Error 174 95.96439 0.5515
C. Total 175 115.539
Means for One-way ANOVA
Std
Level n Mean Error
All-age 98 1.42628 0.07502
Even-age 78 2.09762 0.08409
Site Factor Influence on Standing Biomass
Site factors influencing biomass accumulation differed among managed 
and unmanaged stands. Factors that were significant in explaining standing
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biomass variance in managed stands include stand age and elevation (AIC= - 
927.33, r2 =0.70) (Table 10).
Managed stand biomass had the best fit using a backward stepwise 
selection.
When managed stands are grouped by stand origin, the strongest 
relationship occurs with even-age stands (^=0.69), rather than all-age (^=0.32).
It should be noted that managed all-age stands had the smallest ’n’ of all 
regression tests. The small ‘n’ is due to the majority of all-age plots missing an 
age variable (1/age value). Managed all-age stands comprised of northern 
hardwoods and mixed hardwoods were most significant in determining standing 
biomass (Table 11).
Unmanaged stands had the same goodness of fit whether using forward 
or backward stepwise selection. Age, habitat and cover type explained 76% of 
the variance for unmanaged stands (Table 10). Variance explanation is reduced 
slightly when data is partitioned by stand-origin; both even-age and all-age 
stands show 70% fit of the data.
Unmanaged even-age stands (table 12), in red maple swamp and spruce 
slope forest types had the strongest effect on biomass and unmanaged all-age 
stands in coarse washed till, poorly drained, and silty sediment habitat had 
strongest effect on standing biomass.
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Table 10. Significant variables and goodness of fit 
statistics for multiple regression tests (Significance value 
of (p ^ .05)).
Managed Un managed
All Plots All-age Even-age All Plots All-age Even-age
1/ Age X X X X X X
p value <0.0001 <0.0001 <0.0001 <0 .0 0 0 1 : <0.0001 <0.0001
Forest Type x I X X
p value 0.0093 I <.0001 I 0.0019
Habitat Type ......... ....|........... " "i X X
p value 0.0001 0.0001
Soil Series
p value
Elevation X t . ...,,,.*1___ x i
1=negative
effect
^p o s itive
effect
p value 0.0344 I 0.0547 ! 0.0371
Adjusted Ft2 0.7 0.32 0.69 0.76* 0.69 0.7
AIC -927.33 -295.99 -664.7 -1375.5 -765.32 -711.3
n = 3601 97 263 591 250 341
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Table 11 Significant variables and coefficients from mixed model regression analysis of managed stands. 
(Pc.OOOl***, P<0.01**, P<0.05*) (ns= not selected bv Mixed Model)
M anaged
All Plots Coefficient All-age Coefficient Even-age Coefficient
1/Age X -45.82*** X -27.62* X -48.84***
Forest Type
[Northern hardwoods]













[ Dry compact till]
[ Sandy sediment] 
[Coarse washed till] 
[Fine till]
[Fine washed till] 
[Outwash]
[Shallow bedrock] 













ns [ Dry compact till]
[ Sandy sediment] 
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All Plots Coefficient All-age Coefficient Even-age Coefficient
Soil Series
[BECKET V E R Y  S T O N Y  FINE  
SAN DY LOAM A S S O C IA TIO N , 
STEEP]
[B ER K SH IR E V E R Y  S T O N Y  FINE  
SAN DY LOAM A S S O C IA TIO N , 
SLO PING ]
[B ER K SH IR E V E R Y  S T O N Y  FINE  
SAN DY LOAM A S S O C IA TIO N , 
STEEP]
[M ARLO W  V E R Y  S T O N Y  FINE  
SAN DY LOAM A S S O C IA TIO N , 
STEEP]
[M ARLO W  V E R Y  S T O N Y  FINE  
SAN DY LOAM A S S O C IA TIO N , 
VE R Y  STEE P]
[M A R LO W -PER U  V E R Y  STO N Y  
FINE S A N D Y  LOAM S  



















Table 12. Significant variables and coefficients from mixed model regression analysis of unmanaged stands. 
(P<0001***, P<0.01**, P<0.05*) (ns= not selected by Mixed Model)
Unmanaged
All Plots Coefficient Ai-aae Coefficient Even-age Coefficient
1/Aqe X -34.01*** X -29.13*** X -34.68***
Forest Type
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Al Plots Coefficient All-age Coefficient Even-age Coefficient
So il Series
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FINE SANDY LOAM 
ASSOCIATION. SLOPING!




[BERKSHIRE VERY STONY 
FINE SANDY LOAM 
ASSOCIATION, STEEP]






[BERKSHIRE VERY STONY FINE 
SANDY LOAM ASSOCIATION, 
VERY STEEFL 
‘  [HERMON VERY STONY FINE"'""" 
SANDY LOAM ASSOCIATION, 
STEEP]
......ilYMAN-BERIKSHIRE V E R ^’ ~
ROCKY FINE SANDY LOAMS 
ASSOCIATION, VERY STEEP]
~  [LYMAN-ROCK OUTCROP- 





[HERMON VERY STONY FINE 
SANDY LOAM ASSOCIATION, 
STEEP]
[LYMAN BERKSHIRE VERY "..






-0.021428 [MARLOW VERY STONY FINE 
SANDY LOAM ASSOCIATION, 
STEEP]
0.0998662
[MARLOW VERY STONY FINE 
SANDY LOAM ASSOCIATION, 
STEEPI
0.1194631 [MARLOW-PERU VERY STONY 




[MARLOW-PERU VERY STONY 
FINE SANDY LOAMS 
ASSOCIATION. SLOPING]
0.00/9146
-0J059£8""”"[PERU VERY STONY FINE 
SANDY LOAM ASSOCIATION, 
SLOPING]
Elevation X 0.000182 X 0.0001895* ns
Data excluded (Inventory plots that were unable to be aged) (n= were 
analyzed separately with inventory period as an age surrogate (Table 13, 14). 
The excluded managed all-age stands showed a weak relationship with 
environmental factors, with inventory period being the only significant factor 
accounting for standing biomass. Unmanaged stands had a robust goodness of 
fit (0.93), having a significant relationship with inventory period and forest cover 
type.
Analyzing the managed excluded data using a mixed model (Table 12) 
did not reveal a strong difference in goodness of fit between the use of 1/age or 
inventory period, but illustrated the significance of a ‘time’ variable as the only 
factor found to account for variance in the data under this grouping.
The quantity of ‘n’ involved in the separate analyses does not appear to 
account for a difference in goodness of fit between the managed data using 
1/age or inventory period. Significant inventory periods were 1931-32 and 1939- 
1940. The majority of forest management occurred after 1940, which could 
account for the lack of significance for later inventory periods, such as 1950’s 
and 1991-92, (Table 13).
Unmanaged stands showed a better goodness of fit using inventory 
period, compared with 1/age results. These stands also showed a significant 
forest cover type relationship when using inventory period vs. 1/age. Inventory 
periods 1931-32, 1939-1940, and 1991-92 had a significant influence on 
biomass. It is unclear why the fit is better for unmanaged stands using inventory 
period, compared with 1/age.
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Though managed stands have historically higher mean standing biomass 
than unmanaged stands, more variance in the data can be explained for the 
latter with fewer factors significant in to the pattern of AGLB for the managed 
stands. Less variance explanation seems an artifact of repeated forest 
management. Stands recovering from logging have been documented to take up 
to 100 years to obtain the same level of biomass or basal area as unmanaged 
stands (Martin and Bailey 1999).
Table 13. Significant variables and goodness of fit statistics for multiple regression tests 
of excluded data. Excluded data points have no age variable and are not included in 
previous regression tests of biomass accumulation. Inventory period is used as a 
surrogate for 1/age. (Significance value of (p £ .05))(n= number of forest
Excluded All-age data
Managed Unmanaged





Adjusted R2 0.28 0.93
AIC -1716.38 -274.80
n = 700 164
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Table 14. Coefficient and level of significance table, for multiple regression variables, using excluded data. P<.0001***, P<0.01** ns 

















Dry compact till (-0.112653) 




Shallow bedrock (0.0407851) 
Shallow loose rock (0.1070117)
Silty fine till (0.0676181)
ns
Soil Series ns
BERKSHIRE VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP( 0.0045027)
BERKSHIRE VERY STONY FINE SANDY LOAM ASSOCIATION, VERY STEEP (-0.122815) 
LYMAN-BERKSHIRE VERY ROCKY FINE SANDY LOAMS ASSOCIATION, VERY STEEP (-0.021511 
LYMAN-ROCK OUTCROP-BERKSHIRE ASSOCIATION, VERY STEEP( -0.392674)
MARLOW VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP (-0.011433)
MARLOW VERY STONY FINE SANDY LOAM ASSOCIATION, VERY STEEP (-0.283398) 
MARLOW-PERU VERY STONY FINE SANDY LOAMS ASSOCIATION, SLOPING ( 0.4440142)
Elevation (-0.000106) 0.0004817
Stand Age.
Stand age was found to be the most significant factor across all multiple 
regression tests (table 10). As seen in Figure 3, mean age and mean biomass 
grouped by management and age-status, closely follow one another. The all-age 
stands tend to be older and have higher standing biomass, while younger stands 
tend to be even-age and with lower biomass values.
Soils.
The BEF inventory grid spans 12 soil series, with mean biomass values 
ranging from 149 to 222 MT/ha (table 15). The soils are largely comprised of 
Marlow and Marlow-Peru very stony fine association, accounting for 
approximately 67% of total standing biomass.
An ANOVA test (Table 16) revealed a significant difference between 
mean standing biomass by soil series. However, there is not a clear trend in 
standing biomass across soil types is not evident. This is most likely a cause of 
past land--use history (Jensen, 1941). Highest mean values are found on 
shallow rocky dry soil (Hermon-very-stony-fine-sandy-loam-association), 222 
MT/ha, but also well drained moderately deep soil (Marlow-very-stony-fine- 
sandy-loam association- very steep,) 210 MT/ha. Lowest mean values occur on 
shallow to moderately deep till soil (Lyman- rocky-outcrop-Berkshire-association- 
very steep) 149 MT/ha.
42











Table 15. Soil series table for the BEF, with number of plots and plot measurements per series. Descriptive Statistics are 
derived from ‘n’ of measurements and biomass values are in metric tons per hectare.
Soil type Plots Measurements Mean Std Dev Std Err %  of Total
BECKET VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 15 75 211.63 53.75 6.21 4.5
BERKSHIRE VERY STO NY FINE SANDY LOAM ASSOCIATION, SLOPING 10 48 154.41 70.25 10.14 2.1
BERKSHIRE VERY STO NY FINE SANDY LOAM ASSOCIATION, STEEP 27 124 196.39 55.29 4.97 6.91
BERKSHIRE VERY STO NY FINE SAN DY LOAM ASSOCIATION, VERY STEEP 15 68 206.36 56.58 6.86 3.98
CHO C O R U A  MUCKY PEAT 3 15 188.36 36.59 9.45 0.8
HER M O N VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 5 24 222.32 53.23 10.87 1.51
LYMAN-BERKSHIRE VE R Y ROCKY FINE SANDY LOAMS ASSOCIATION, 
V E R Y  STEEP 17 70 179.76 44.56 5.33 3.57
LYMAN-ROCK OUTCROP-BERKSHIRE ASSOCIATION, VE R Y STEEP 33 127 149.1 66.58 5.91 5.37
M ARLOW  VERY STONY FINE SANDY LOAM ASSOCIATION, STEEP 90 423 201.13 59.73 2.9 24.12
M ARLOW  VERY STONY FINE SANDY LOAM ASSOCIATION, VERY STEEP 16 79 210.69 42.75 4.81 4.72
M ARLOW -PERU VERY STO NY FINE SANDY LOAMS ASSOCIATION, SLOPING 164 722 185.12 67.69 2.52 37.9
PERU VE R Y STONY FINE SANDY LOAM ASSOCIATION, SLOPING 21 93 171.3 66.2 6.86 4.52
Table 16. Goodness of fit and variance statistics for a bivariate fit of log of biomass by 
soil series. _______________________
REML Variance Component Estimates
Random Effect Var Ratio Var Std 95% 95% Pet of Total
Component Error Lower Upper
PLOTJD2 0.4596 0.0535 0.0059 0.0420 0.0651 31.489
Residual 0.1164 0.0044 0.1083 0.1255 68.511
Total 0.1699 100
Fixed Effect Tests
Source n DF DFDen F Ratio Prob > F




Root Mean Square Error 0.341
Mean of Response 5.164
Observations 1829
Forest Type.
The majority of plots are comprised of three forest cover types; Northern 
hardwoods predominate, accounting for 80%; spruce-hemlock-hardwood (7%); 
paper birch-aspen-red maple (6%). The remaining 6 % divided among 5 cover 
types (Table 17).
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Table 17. Forest Cover types for BEF with descriptive statistics. Values represent above 
ground live biomass (MT/ha) from 1931-2003. n = number of measurements through 
















145 6.45 157.49 158.77 10.55 331.04 22835.87 6.5
Red spruce- 




52 13.55 171.12 171.51 34.23 273.37 8898.09 2.5
Red spruce- 
flat 10 6.75 183.69 182.71 111.82 241.23 1836.90 0.5
White pine 12 8.95 130.39 114.81 30.81 281.26 1564.64 0.4
Red maple- 
swamp 8 22.51 115.71 84.76 40.64 266.62 925.66 0.3
Significant differences were found between individual forest cover types 
and mean standing biomass (Table 18). Forest type is the second most 
significant variable in explaining biomass accumulation. Highest mean standing 
biomass values are found in spruce-hemlock-hardwood (SHH) and the northern 
hardwood (NHW) cover types, 201 and 193 MT/ha respectively (Figure 8). SHH 
has the highest mean for unmanaged stands, followed by spruce-flat (SF), and 
NHW types. The lowest values can be found in forest classified as red maple 
swamp.
When considering management history, managed cover types with 
NHW, SHH, and spruce-slope (SS) cover types, had the highest mean standing 
biomass. Stands comprised of SHH, NHW, and spruce-flat were the highest 
ranking among unmanaged cover types.
- 4 5 -
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Random Var Ratio Var Std 95% 95% Pet of Total
Effect Component Error Lower Upper
PLOTJD2 0.3686 0.0429 0.0051 0.0329 0.0529 26.935
Residual 0.1164 0.0044 0.1082 0.1254 73.065
Total 0.1592 100
Fixed Effect Tests
Source Nparm DF DFDen F Ratio Prob > F
Cover Type 7 7 403.6 20.5454 <0.0001
RSquare 0.442
RSquare Adj 0.440
Root Mean Square Error 0.341
Mean of Response 5.164
Observations (or Sum 1829
Wgts)
Forest Type and Stand Age.
The significance of model-chosen forest cover types might also be a 
reason why elevation comes close to significance. The mixed model chose low, 
medium, and high values of biomass. These cover types represent a low, high 
and low-mid elevation, respectively. If low values of biomass (by elevation) were 
removed from the analysis (i.e. red-maple swamp n= 2) forest cover type is still 
significant, and a negative trend between AGLB and elevation becomes 
predominant. Biomass declines from >200 MT/ha at mid elevation mixed stands 
of spruce-hemlock-hardwood (SSH), to <150 MT/ha on high elevation slopes 
comprised of Red Spruce (Spruce-slope or SS).
- 4 6 -
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The chosen forest types represent a young -43 (mean age from 1931- 
2003) (RM-Swamp), middle -80 (SSH), and old age-110 years (SS) stand. An 
interesting component of SS forest type, is the low AGLB yet old age of the stand 
(mean age -110 from 1931-2003, or 153 yrs (in 2003). In addition, spruce-slope 
stands accrued AGLB at a rate of -2.0 MT/ha/yr greater during 1991-2003, then 
1931-1940 (Figure 9). A partial explanation for these results is that upper 
elevation spruce-fir stands were reported as receiving substantial damage from 
the 1938 hurricane, though the damage was not quantified for this area of the 
BEF (NE-RS-Note #?, 1941) and secondly, landslips or tree falls become more 
common on steeper slopes, here which range between 43 to 51 degrees.
Red maple stands were very young in 1931 and were determined to be 
near 10-20 years old. The substantial increase in growth rate can be contributed 
to the doubling of basal area (BA) by red maple over the course of 70 years, 
comprising 60% of the BA in 2001 -03. White pine BA has essentially remained 
the same, 38% in 1931-32, and 2001-03. The large stores of AGLB are attributed 
to the white pine, while the whole stand accumulation continues because of the 
red maple growth.
- 4 7 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 8. Mean standing biomass by management status within cover type. Error bars 
represent ± 1 standard error of the mean. Bars not sharing the same letter are 
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Figure 9. Annual biomass accumulation (MT/ha/yr) for both 1931-1940, and 1991-2003 with mean AGLB 
from 1931-2003, across forest cover type.
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A significant difference was found between mean standing biomass by 
habitat type (1931-2003) (Table 19). Habitat means range from 215 to 114 
MT/ha across 13 habitat types (Table 20). The highest mean values are closely 
split between habitats on silty fine till and enriched while the lowest biomass is 
observed on poorly drained sites. Habitats with the largest standard error are 
poorly drained and enriched. Both of these habitats had the fewest number of 
inventory plots (Table 20).
Habitat and Elevation.
Elevation across the range of unmanaged stands approached 
significance (p value = 0.0547). Ollinger and Smith (2005) found a similar 
positive effect on above ground wood production with increase in elevation at the 
BEF. Changes in AGLB by elevation are apparent when stands are grouped by 
habitat type (Figure 10 ). Habitat types selected by mixed model analysis 
represent low (Poorly drained<900 feet), medium (Silty Sediment 900-1000 feet) 
and medium-high (Coarse washed till 1350-1400 feet) values of biomass, and 
decrease as elevation increases across fine till and shallow bedrock habitat types 
(Figure 10).
Coarse washed till habitat represents the highest level AGLB from 1931- 
2003 with current values ranging up to 422 MT/ha, and ages of 160 years (2001- 
03).
Silty sediment is comprised of Eastern hemlock with strong components of 
red maple, beech and yellow birch (Leak, 1982). Current estimates (Figure 11)
- 5 0 -
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indicate these species continue to comprise the majority basal area of silty 
sediment habitat and total BA per hectare.
Poorly drained habitats are described as climax red spruce and eastern 
hemlock, but show red maple when heavily cut (Leak, 1982). These habitats 
currently show large basal area values for red maple (Figure 11). Due to the 
large amount of white pine present on this habitat, it is possible that a stand was 
misclassified, as this species is not described as present by Leak (1982).
Habitat type and AGLB relationships change across elevation (Figure 
10). Habitat types are in part derived from topographic features, of which 
elevation is a component (Leak 1979, 1982). Similarly, stand age follows an 
upward trend with elevation to -1750-2000 feet, then declines. This trend is likely 
caused by cutting or land use history prior to 1900 on the Bartlett Forest (Jensen, 
1941). The near significance at the whole-unmanaged stand level is due to all­
age unmanaged stands having higher average standing biomass, though about 
equal total standing biomass with even-age stands.
All-age.
All-age stands continue to show the same habitat type relationships as 
at the whole unmanaged-stand-level with the only notable difference coming from 
outwash habitat which approached significance ( p= 0.0546 vs. 0.286 at the 
whole stand level). All-age stands show a definite decline in biomass with 
elevation (p=0.037); an artifact of land use history.
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Even-age stands are strongly related to the type of forest cover and are 
largely comprised of hardwoods. These dominant compositions are likely caused 
by fuel wood cutting prior to establishment of the BEF, which (in turn) skews the 
distribution of the forest cover type.
Table 19. Goodness of fit and variance statistics for a bivariate fit of log of biomass by Habitat
REML Variance Component
Random Var Var Std 95% 95% % of Total
Effect Ratio Component Error Lower Upper
PLOT 0.3904 0.0462 0.0055 0.0355 0.057 28.076
Residual 0.1184 0.0045 0.1101 0.1278 71.924
Total 0.1647 100
Fixed Effect Tests
Source Nparm DF DFDen F Ratio Prob > F
Habitat Type 12 12 368.3 7.8229 <0.0001
RSquare 0.467
RSquare Adj 0.452
Root Mean Square 0.344
Mean of Response 5.154
Observations (or 1790
Sum Wgts)
- 5 2 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 20. Habitat Descriptive Statistics for all stands (n = number of repeated measures
3y habitat type (excluded measurements n=64)).
Habitat Type n Std Err Mean Median Min Max % Total
Coarse washed till 344 3.63 203.8 195.65 21.33 422.78 19.9
Wet compact till 331 3.53 186.51 184.1 47.49 356.63 17.5
Shallow bedrock 288 3.35 175.37 172.66 10.55 372.67 14.3
Fine till 231 3.37 203.92 202.7 29.7 334.02 13.4
Shallow loose rock 129 6.88 169.93 181.91 23.97 379.1 6.2
Silty fine till 117 4.4 215.06 212.23 85.81 321.01 7.1
Dry compact till 92 6.26 187.42 198.87 61.46 331.14 4.9
Fine washed till 72 7.48 148.33 145.31 49 304.69 3
Silty sediment 65 8.73 194.88 198.43 47.08 342.19 3.6
Sandy sediment 56 8.34 152.75 154.95 30.81 270.98 2.4
Outwash 45 6.43 190.03 180.55 85.78 285.82 2.4
Enriched 22 11.09 213.76 209.85 119.93 351.77 1.3
Poorly drained 12 23.43 114.53 88.43 22.01 266.62 0.4
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Figure 10. Change in mean aboveground live biomass and age across elevation and 
habitat type for unmanaged stands from 1931-2003.
Umanaged Stand Mean Biomass, Elevation and Age, by
Habitat Type
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Figure 11. Basal Area (mA2/ha) of Model Selected Habitat Types for Unmanaged Stands (stems £ 
11.8cm). 2001-03 Habitat totals per hectare for Coarse Washed Till, Silty Sediment, and Poorly 
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Plot Aspect.
A bivariate regression was performed to test for a significant difference 
between plot aspect and standing biomass. Results of the regression indicated a 
45% fit of the data, but a non-significant effect (p >.4) on standing biomass 
(Table 21). A significant effect was not expected as much of the BEF faces a 
northern aspect.




Random Var Var Std 95% 95% % of Total
Effect Ratio Component Error Lower Upper
PLOT 0.5671 0.0661 0.0067 0.0529 0.0793 36.187
Residual 0.1165 0.0044 0.1083 0.1256 63.813
Total 0.1825 100
Fixed Effect Tests
Source Nparm DF DFDen F Ratio Prob > F
plot direction 3 3 384.9 0.9238 0.4293
RSquare 0.454
RSquare Adj 0.453
Root Mean Square 0.341
Error
Mean of Response 5.164
Observations (or 1829
Sum Wgts)
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CHAPTER III
DISCUSSION
Long-term studies of field based forest measurements offer a unique 
perspective into the factors that affect patterns of aboveground biomass 
accumulation (Caspersen et al., 2000) and forest productivity (Clark et al., 2001), 
as well as the structural (Schroeder et al., 1997) and compositional changes that 
comprise stand dynamics (Binkley et al., 2004).
Any analysis of long-term, longitudinal data is challenged by difficulty in 
transcribing events and processes that occur through time (Diggle et al., 1994). 
These include the difficulty involved in tracking many tree measurements across 
series of forest inventories particularly, as at BEF, where stems are neither 
individually tagged nor mapped. Further difficulty arises when comparing 
biomass values among measurement periods. Variability in forest biomass 
arises from age, species composition, site factors, and management history 
(Jenkins et al., 2001).
While results from this study continue to show biomass increasing over 
time, they do not account for damage caused by natural disturbance such as the 
1938 hurricane or 1998 ice storm and how these disturbances have affected the 
rate of accumulation or standing crop. This study also had limited constraints on
- 5 7 -
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growth rate because of forest management and how age of a stand is 
reset from these practices. The overall patterns presented in these results are 
likely
transferable to the greater White Mountain National Forest and perhaps 
the northern temperate hardwood forest ecosystem of northern New England. 
Other limitations are associated with the GIS layers used, that when overlain with 
the inventory data, may have produced classification discrepancies that 
translated incorrectly and added error to results.
Not all biomass studies measure the same tree components. Biomass 
components are reported as aggregate values (bark, bole, branch, twig, coarse 
roots, stump) into whole tree value, or total wood value (minus foliage). These 
differences can limit direct comparisons between biomass studies such as this 
one, which utilizes only bole and branch components. Biomass values for leaves 
and roots vary by functional type and diameter (Jenkins et al 2003). Jenkins et al 
(2003) found average variation of hardwood species roots to be between 20- 
25%, and foliage 3-12% and -20-30% and 10-30% for softwood, respectively of 
total tree biomass.
Forest ecosystems continue to accrue biomass until they reach a phase 
where live tree biomass and mortality (inputs and outputs of organic matter) are 
about equal (Odum 1969). Much research has been published on this concept 
and the rate and pattern of above ground live biomass accumulation (AGLB) 
relating to forest type (Sprugel 1980, Law et al, 2001); stand age (Bormann et al., 
1970, Leak 1979, Martin and Bailey, 1999); and disturbance (Bormann and
- 5 8 -
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Likens, 1979, Sprugel 1980, Crowell and Freeman, 1992, Pare and Bergeron, 
1995).
The patterns of biomass accumulation over the past 73 years at the 
Bartlett Experimental Forest (BEF) follow well-described processes of forest 
succession (Leak, 1991) and stand development (Oliver and Larson, 1996). 
Managed and unmanaged stands at the BEF are converging towards a similar 
level of mean standing biomass (figure 3). The oldest unmanaged stands, 
described as all-age in 1931, have decreased in biomass increment, while 
younger stands, described as even-age in 1931, are accruing biomass at a faster 
rate. Similar patterns of accrual were observed by Leak and Smith (1996) for the 
BEF and by Martin and Bailey (1999) when comparing The Bowl Research 
Natural Area (RNA) with previously logged areas of the Hubbard Brook 
Experimental Forest (HBEF), New Hampshire, and USA.
Brown, et al. (1997, 1999) suggest that forests of the northeastern U.S. 
currently average a lower standing biomass than is potential for the region 
resulting from past land use (e.g. land clearing for agriculture and settlement) 
which altered forest age. These land use changes have been the dominant 
factor governing the rate of biomass accumulation in eastern forests (Houghton 
et al 1999, Houghton and Hacker 2000, Casperson 2001). Total aboveground 
live biomass accumulation at the BEF is primarily determined by stand age, 
followed by land use history (forest management), stand origin (even-age or all­
age), and site influence (forest cover, habitat, and elevation).
- 5 9 -
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The Effect of Forest Age on Biomass Accumulation
Current estimates of age and mean standing biomass indicate the BEF is 
approaching a mid-to-late aggradation phase of forest development (Bormann 
and Likens 1979). This phase consists of the 15-170 years following a stand 
clearing disturbance when even-age forest experience a near linear net increase 
in live standing biomass (Bormann and Likens 1979, pg. 41). Live biomass 
accumulation is primarily aboveground, with lesser portions allocated 
belowground. Total forest biomass has been reported at 101088 Mt for the 
coterminous U.S. with 40% or 40435 Mt total aboveground tree biomass 
(36391 MT, in wood) and 8% or 8090Mt in roots, (Smith and Heath 2003).
During the aggradation phase, AGLB continues to accumulate until the net 
increase of live biomass peaks around 170 years of age (Bormann and Likens, 
1979 pg. 41) then enters a gradual plateau or stagnation in live wood production. 
Given the current mean age, live standing biomass, and biomass increment, it 
appears the BEF has not yet reached a balance between live wood production 
and mortality.
Bormann and Likens (1979, pp 41-42) predict a maximum accumulation 
for northern hardwood forests of HBEF to be near 410 MT/ha. Similarly 
Whittaker et al (1974) estimated 420 MT/ha, of which the majority would be 
present in about 250 years. Current values reported for the HBEF (Fahey et al 
2005) indicate levels of whole tree live biomass have remained consistent from 
1982-1997, at approximately 220 MT/ha (Figure 10). Comparing HBEF 
estimates to the BEF, unmanaged even-age stands over the past 12 years
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(1991-2003) at the BEF have increased from a mean standing biomass of 210 to 
250 MT/ha, and maximum value of 422 MT/ha with mean age of 120 years, yet 
predicted values (Fig 11) appear to flatten out between 300-400 years, while not 
achieving greater than 250 Mt/ha. These findings show parts of the BEF to have 
more AGLB at a younger age than Bormann and Likens predicted for Northern 
Hardwoods, though the growth rate (Figure 11) appears to be very similar to 
current values from Fahey et al (2005).
Figure 12. Live Standing Biomass over Time for the Hubbard Brook and Bartlett 
Experimental Forests. Hubbard brook data uses stems > 10 cm. Bartlett data uses stems > 
12.7cm. Closed squares represent Hubbard Brook Whole Tree biomass. Open squares 
represent Hubbard Brook whole tree biomass minus roots, twigs and foliage (~ 20% of whole tree 
biomass) (Whittaker et al. 1974). Closed circles represent Bartlett Bole and Branch biomass. 
(Hubbard Brook data is derived from Fahey et al. 2005)
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Figure 13. Even-Age biomass by Functional Type vs. Age for the Bartlett Experimental 
Forest. Biomass represents aboveground bole and branch components for trees £ 5.0 
cm. Regression prediction equation: Y= 5.37396118141991 + -33.6717105452094 *
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The current estimated range in AGLB for the BEF is consistent with other 
regional studies. Brown et al. (1999) reported aboveground biomass totals 
(including twig and foliage) >200 MT/ha for hardwood forests in North Atlantic 
States; Martin and Bailey (1999), found an average of 209 MT/ha for similar 
stands in the Bowl RNA, and HBEF; Jenkins, et al. (2001) estimated hardwood 
biomass to average 200 MT/ha for Northeastern forests of the United States.
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Locally, estimates for the White Mountain National Forest (USDA Forest 
Service, Forest Inventory and Analysis WMNF 1997) are around 168 MT/ha of 
biomass for functioning hardwood timberland. Timberland is defined by the FIA 
as “Forest land producing or capable of producing crops of industrial wood (more 
than 20 cubic feet per acre per year)” (NE-RS Forest Resource Statistics for the 
White Mountain National Forest, 1997). Although the BEF is not inventoried 
using this definition, stands not capable of representing timberlands would 
presumably lower the current BEF estimate of AGLB leading to comparably lower 
values with FIA WMNF estimates. Any difference between the BEF and the FIA 
definition would be small.
Annual Biomass Accumulation 
Future levels of AGLB were calculated using an even-age prediction 
equation of annual wood production for an age of 170 years, when net biomass 
accumulation is predicted to decrease (Bormann and Likens, 1979). Fig 13, 
shows even-age hardwood biomass to be around 200-210 Mt/ha at 170 years of 
age. This estimate is much lower than the 410 Mt/ha predicted by Bormann and 
Likens (1979) and or the 420 Mt/ha by Whittaker (1974).
Estimates of above ground forest productivity using remotely sensed and 
field based measurements have been reported for the BEF by Smith et al (2002) 
and Ollinger and Smith (2005). Field based forest measurements reported by 
Smith et al (2002) for broad-leaved deciduous dominated forests ranged from 
2.6-5.0 and 0.6-3.5 MT/ha/yr for needle-leaf dominated forests. Both Smith et al 
and this study use unmanaged stand data and account for mortality to estimate
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productivity but differ in time between forest biomass measurements. This study 
utilizes measurements taken roughly ten years apart, where Smith el al (2002) 
report on productivity over 7 years. Most likely the time difference results in a 
small biomass difference. This study yields a wider range in annual wood 
accumulation for both broad-leaved deciduous and needle-leaf dominated stands 
(-3.50 MT/ha to 15.0 MT/ha/yr and -9.0 to 18 MT/ha, respectively). This broader 
range in productivity comes from covering a larger spatial extent of plots yet, the 
average wood production falls within the range reported by Smith et al. (2002). 
Similarity it can be said for the estimates of, Ollinger and Smith (2005). They 
measured wood production ranging from 217 to 502 g/m2/yr with a mean of 369 
g/m2/yr. Ollinger and Smith's estimates average a higher rate, and span a 
shorter range of values than the results of this study. The broader range in 
values between studies captures the range of variability over the whole forest, 
while Ollinger and Smith (2006) utilized selected plots, much less in number.
The average annual biomass accumulation of unmanaged stands for both 
functional types (deciduous and evergreen) is around 308 g/m2/yr. Separated by 
functional type, the BEF hardwood stands average a slightly higher annual rate 
of accrual than evergreen forests 329 g/m2/yr ranging from 1551.0 to -352.0 
g/m2/yr while evergreen stands have a broader range in values (1758.0 to - 
881.0g/m2/yr) but lower mean of 239 g/m2/yr.
Negative biomass accrual resulted from two non-adjacent inventory plots 
from each functional type. The hardwood stand lost ~ 40 MT/ha between 1991 
and 2002 and the softwood, comprised of White pine cover type, lost nearly 100
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MT/ha between 1991 to 2002. These plots may fall within or border a recently 
managed area in the upper Northeast portion of the BEF. The reduction in the 
softwood stand is likely from management, while the hardwood stands could be 
subjected to natural disturbance.
Carbon Accumulation
Live and dead trees account for roughly 48% of carbon stocks and 47% 
of total forest sector sequestration of atmospheric C02 in United States Forest 
Sector (Woodbury et al 2006).Forest soils which account for 48% of carbon 
stocks, sequester only about 3% of atmospheric C02 (Woodbury et al 2006). 
These differences in sequestration illustrate the importance surrounding the 
understanding of aboveground biomass accumulation in live as well as dead 
trees.
Smith and Heath (2002) estimated Northeastern national forest 
timberlands at 100 metric tons of carbon, while the BEF (2001-03) averages 
around 115 metric tons of carbon (235± SE 3.2 metric tons AGLB). Woodbury et 
al. (2006) suggested that rates of carbon sequestration will remain at the same 
rate in the near future. The Bartlett forest should yield similar results in the near 
future, given the current state of forest aggradation. As the BEF continues to age 
beyond the aggradation phase it will amass more carbon in dead wood and 
detritus, then live wood components (Bormann and Likens 1979).
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Habitat effects on Biomass Accumulation
Classifying tree species composition and forest growth by habitat type 
using geophysical properties has proven to be successful in explaining current 
and future site conditions for the BEF and White Mountain region (Leak 1978, 
1979, 1982). The results of this analysis continue to illustrate the usefulness of 
habitat classification for AGLB determination. However, some differences arise 
between the previous work done by Leak and results from this analysis.
A study by Leak (1978) reported coarse washed tills predominately 
support hardwood species from successional to climax forest conditions. The 
dominant species through these developments are American beech, followed by 
red maple, and yellow and paper birch. Current species composition (Figure 8) 
indicates sugar maple and white ash have a much stronger presence than has 
been documented for this habitat (Leak 1982). Normally, coarse washed till does 
not support large basal area values for sugar maple or white ash. These species 
types are supported more so, on enriched sites (Leak 1982). Despite these 
species differences, Leak’s suggestion of 226 MT/ha is comparable to the 200- 
250 Mt/ha found from this study for stands on coarse washed till.
Poorly drained habitats supported the lowest biomass values for this 
study and the work done previously by Leak (1982). However, differences are 
found between the level of biomass reported by Leak and this study. Leak 
reported values around 72 MT/ha at 80 years of age, while this study showed 
poorly drained habitats to have a AGLB values ranging from > 200 to <150 
Mt/ha at a mean age of 80 years. The cause of these differences seems largely
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due to the inclusion of white pine in this habitat of which comprises around 40 % 
of the basal area. Most white pine stems are large diameter (>30 cm) and 
contribute more to standing biomass then the smaller stems of other species on 
this habitat. These large white pine could be left over from old-field succession 
(William B. Leak pers. Comm.). Brown (1999) suggests lack of large diameter 
trees contributes to low regional biomass values for the Northeastern United 
states. This habitat often produces species tolerant of poor growing condition: a 
climax softwood mixture (Red spruce, Eastern hemlock) with lesser portions of 
red maple. Despite previous species description for this habitats, current basal 
area values show Eastern white pine, and red maple as being the dominate 
species (Figure 8). The surprising amount of red maple illustrates the cutting that 
took place on the BEF prior to 1900; poorly drained habitats will show red maple 
if heavily cut or repeatedly harvest (Leak 1982). Furthermore, if a softwood 
understory were left after cutting, it would be free to grow with little competition, 
and would explain the large basal area values for eastern white pine on this 
habitat (Leak 1982).
Silty sediment habitats, over-all, have followed species compositions 
described by Leak (1978, 1979, 1982): Eastern hemlock, red maple, beech, and 
yellow birch comprise the majority of basal area. A climax stand of eastern 
hemlock was observed by Leak (1982) for silty sediments, and during a 
successional growth phase will be dominated by red maple. Looking at Figure 8, 
Leak’s description fits the current scenario quite well. The values represented 
are aggregated, and if individual plots were separated, it is likely that some would
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show climax eastern hemlock conditions, while others would show, less 
softwoods and more hardwoods with dominate red maple at mid-to-over story 
canopy.
The unusual level of basal area for species on both washed tills and 
poorly drained habitats suggests that the resolution of the GIS habitat map used 
for this analysis may have been too coarse and could be a cause of error in 
classification. Minor differences could also arise between studies by reporting 
stems at 11.8 cm (5in) or greater, while Leak (1982) reports on stems 2.54cm 
(1 in) or greater.
Forest Cover Type effects on Biomass Accumulation
Stand composition over 70 years has remained consistent for the 
majority of the BEF cover type classifications made in 1931. Silvicultural studies 
(Jensen 1941, Leak 1986,), have shown increases in percentage of American 
Beech in hardwood stands , but in general a functional type is replaced by the 
same composition through patterns of succession (hardwood stands were 
followed by re-growth of hardwoods, etc)( Leak and Smith 1996). However, 
young mixed -species stands in 1931 have shown a more substantial 
compositional change over time. Primarily, mixed stand composition at mid­
slope, is now largely dominated by needle leaf evergreens with lesser hardwood 
components than found in 1931. These changes illustrate species composition 
shifts in the pattern of AGLB accumulation from hardwood-mixed to softwood- 
mixed, and aside from enriched stands have the highest levels of biomass by 
forest type in the BEF.
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Forest cover type stands of spruce-hemlock-hardwood saw a marked 
increase in softwood composition (Figure 5). The doubling of percent basal by 
Eastern hemlock contributes to the high level of AGLB for these stands from 
1931-2003. However the marginal increase in biomass increment of SHH 
(Figure 6) indicates that these stands could be approaching a state of stagnant 
growth, or climax forest condition comprised largely of dominant slow growing 
red spruce (Leak, 1991). The ages of these stands range from 90-130 years, 
which suggests that though they fall within the range of an aggrading forest, their 
productivity has declined earlier than other unmanaged forest types in the BEF. 
Further investigation of these stands showed a decrease in biomass increment 
when occurring on poorly drained and silty sediment habitats. Decreases in 
wood production or poor growth can be indicative of species unsuitable for these 
habitat types (Leak 1982). In addition, and mentioned previously, silty sediment 
habitats were described by Leak as having a climax forest composition of eastern 
hemlock. If one considers the doubling of basal area for this species across the 
70 + years of inventory data, it seems these stands are at a state of maturity 
(Leak 1982) or what has been called a possible steady state (Bormann and 
Likens 1979).
Reduction in biomass increment is often caused by site-specific 
conditions affecting forest growth, such as wind exposure, temperature, or 
degree of slope. Another potential cause of decreasing biomass increment 
would be a high stand density for these forest types. Stand density at to high of 
a level would restrict diameter growth (Solomon 1977, Smith et al 1997, Pg 84),
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therefore stagnating diameter-increment from 1931-2003. In general, softwood 
species have less dense wood, and a lower specific gravity then hardwood 
species. To compensate for less dense wood, which supports lower leaf area 
per tree, softwood species must have higher stems per acre then hardwood 
species to achieve similar rates of productivity (Woodall et al 2005).
Abiotic effects on biomass accumulation 
Climate driven variables were found to be collinear, and their individual 
and combined effects on biomass accumulation were not tested. Despite this 
limitation, the general effects of changing environmental variables can be 
discussed in relation to biomass accumulation at the BEF. Furthermore, 
predicted growth curves for even-age unmanaged stands do not show a 
substantial or unexpected increase in annual wood production beyond an age of 
200 years (Fig 11.)
An extensive body of literature exists on the effects of changing 
environmental conditions , such as rising atmospheric C02 concentration (Norby 
et al 2001, McCarthy et al 2007), nitrogen deposition (N-dep) (Aber et al 1998, 
Vitusek et al 1997, Magill, et al. 1997, Aber et al 2003), tropospheric ozone ( 03) 
(Ollinger, et al 2002, Karnosky et al 2007) and the combination of these effects ( 
Ollinger, et al 2002, Boisvenue and Running 2006, Bytnerowicz et al 2007, 
Hyvonen et al 2007) on temperate forests.
Increases in the concentration of atmospheric C02 have spurred many 
studies concerning the effect on forest productivity. The most common found 
response across varying forest types has been an increase in net primary
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productivity (NPP) (Norby et al 2005). However, the effect on aboveground 
woody biomass in terms of stem production has yielded mixed results.
Results from an eight-year study concluded that basal area increment 
(BAI) has increased under experimentally elevated C02 conditions in a young 
loblolly pine (Pinus taeda) forest (Moore et al 2006). Canopy level Loblolly pine 
trees responded by adding carbon as dry stem mass, while deciduous trees in 
the mid-canopy allocated carbon belowground in the form of fine root production 
(DeLucia et al 2004, Moore et al 2006). Korner et al (2007), using similar 
experimental tests, but at an individual tree level and in a mature mixed species 
forest, did not find aboveground dry matter allocated to stem biomass, only 
stimulation to belowground fine root production, and increased rates of 
respiration.
The response of forest NPP to experimentally elevated C02 has been 
found to vary with additional environmental factors. Moore et al (2006) found BAI 
variance to be correlated with the amount of rainfall and temperature during 
active growth periods. Finzi et al (2002) found Loblolly pine forest on poor 
nutrient sites to increase stimulation to elevated C02 if fertilizer (N) was added to 
the plot. Oren et al (2001) also found soil fertility to limit stimulation of NPP 
under elevated C02 conditions.
Moore et al (2006) concluded that over the eight years of BAI study, and 
an increase in nutrient uptake, nitrogen, has yet to become a limiting factor in 
their experiment.
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The negative effects of tropospheric ozone (03) on plant health have been 
recognized for over fifty years (Reich 1987, Chappelka and Samuelson 1998, 
Karnosky et al 2007). 03  has been found to effect both mature tree (McLaughlin 
et al 2007) and seedling photosynthesis (Tjoekler et al 1993), limiting carbon 
uptake from the atmosphere (Karnosky et al 2003, Karnosky et al 2007) and 
forest NPP (King et al 2005). However, effects are not universal between 
individual species, and results are complicated by interactions with site-specific 
variables (soil type and depth, water availability, light sensitivity and canopy 
position and temperature) (Chappelka and Samuelson 1998).
When considering the interactive effects of C02, N-deposition and 03, 
the increase in forest NPP from higher concentrations of atmospheric C02 is 
reduced when 03 is added (Karnosky et al 2003, Felzer et al 2004, King et al 
2005). Ollinger et al (2002) also found 03 to reduce the effects of C02 and N 
deposition under various land use histories for northern hardwood forest.
How applicable these findings are to biomass accumulation at the BEF is 
uncertain. The BEF is largely comprised of mature mixed species hardwood 
forest with few pure stands of single species, with the exception of some areas 
of red and white pine and spruce-fir stands. The stem biomass of young conifer 
dominated stands may exhibit results similar to studies involving loblolly pine. 
However, the effects of elevated C02 conditions on upper elevation or 
mountainous regions, such as those at the BEF, have not been reported. The 
BEF’s mixed topography could add additional factors into already complex multi­
factor studies, limiting the generality and applicability of results. Given that long-
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term data is not yet available, and studies are often not comparable, mere 
speculation is all that can be applied to the effect of increased atmospheric C02 
on biomass accumulation at the BEF.
- 7 3 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER IV
CONCLUSION
Many factors were considered in determining the pattern of aboveground 
biomass accumulation at the Bartlett Experimental Forest, but few novel ideas 
resulted from this analysis. Determinates of the accumulation of aboveground 
biomass were found to be pre-existing in forestry and ecology literature (e.g. 
forest age, cover type, and habitat type).
The current standing biomass is lower than levels predicted for northern 
hardwood forests by Bormann and Likens (1979), yet continues to increase 
compared to the stability seen at near by Hubbard Brook Experimental Forest 
(Reich et al 2005) and is higher than regionally reported values (Brown et al 
1999, Schroeder et al 2001).
In general, rates of change in biomass accumulation follow the theories of 
ecosystem biomass development proposed by Bormann and Likens, albeit at 
lower levels. The rate of accumulation for even-age northern hardwood forests is 
near linear until -100 years of age, reduces in growth rate over 100-200 years, 
around 210 Mt/ha, then approaches a decreased growth rate of around 1 
Mt/ha/yr from 200-400 years.
The hypothesis that unmanaged stands will have a greater standing 
biomass than managed stands was disproved. Given enough length in time, 
managed and unmanaged stands achieve similar levels of standing biomass.
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This result supports similar findings comparing managed to unmanaged stands in 
northern temperate hardwood forests (i.e. Leak and Smith 1997 and Martin and 
Bailey 1999).
All-age stands proved to have a greater standing biomass than even-age 
stands. This is a result of having older age classes with-in these stands 
contributing to the higher biomass given they are not limited by poor tree species 
associated with habitat.
Even-age stands have a significantly different biomass increment than all­
age stands from 1931 to 2003. Biomass accrued at a much faster rate given the 
younger age of these stands, yet future rates could change depending on 
disturbance and the affect of changing environmental variables (e.g. C02, 03 
and Nitrogen deposition).
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